Honey, this relatively homogenous, hard to trace product, characterised by considerable international price differences, and often regulated by high tariff barriers, lends itself to economically motivated product adulteration. The adulteration of honey can undermine confidence in products as well as having adverse public health consequences. The aim of this research is to demonstrate the possibilities for the utilisation of network-based stochastic simulation methods to determine the proliferation of (accidentally or deliberately) polluted food products, using the example of the international honey trade network. The database for the analysis is based on the FAO dataset. The results of a network analysis of the global honey trade system highlight the scale-free character of the world's honey supply system. Focussing on backbone states and product flows, it is possible to determine the geographical distribution of polluted products as a function of the source of pollution. This information is important for the organisation of international trade control systems when contaminated products appear in a given state. The "polluted product transfer capacity" and the exposure of different states to polluted honey products can, in most cases, be efficiently forecast by the simultaneous application of different centrality measures and indicators.
Introduction
Although honey represents just a small part of the world's food sweetener production, it is widely present in almost all cultures and countries (FAO, 2015) . The overwhelming majority of honey production is consumed in domestic markets, but there is an increasing tendency to export. In 2016 global honey production amounted to 1,704 thousand tonnes, and the global honey export was 569 thousand tonnes (UN Comtrade, 2017) ; however,since2008 the growth in total honey output has failed to regain its upward trend. The foreign trade share of honey was ca. 12 % of global output at the beginning of the 1960s but this had increased to close to 35% of global production by 2016.China, the EU, Turkey, Argentina and Ukraine were the largest producers of honey with a 55% share of global production in 2015 (FAO, 2017) .China, South America and Central America and the Caribbean were the leading exporters of honey with a 65% share of world exports in 2015.The leading top ten importers of natural honey accounted for 72% of world imports. The USA and the EU are the top two importers.
Honey production is a small sector in the EU but essential in agriculture for pollinisation. The 0.7 kilograms per capita annual consumption of honey in the EU amounted to a total consumption of 360,000 tonnes in 2013. The EU, with its 20% share of the total global consumption is the most important honey consumer worldwide, followed by China, the USA and Turkey (European Commission, 2017a) .Table honey constitutes 75% of the honey market, while the remaining 25% is used as industrial honey (as an ingredient in food products). The consumption of monofloral varieties (acacia, clover, fir, pine etc.) is expected to grow relative to blended honey, mainly in the United Kingdom, Germany and France (European Commission, 2017b) . Recently, organic honey has gained popularity and there is a price premium of up to 20% for certified organic honey. The self-sufficiency rate of the honey market in the EU is around 60%. Production of honey is expected to decline in the future, although the EU remains the second largest global producer of honey after China. Romania has become the largest honey producer in the EU, and in 2015 produced 35,000 tonnes of honey, followed by Spain, with 32,200 tonnes and by Hungary, with 30,700 tonnes, together accounting for almost 40% of total EU production (European Commission, 2017a) . Since 2011 the EU's honey exports have increased, amounting to 145,000 tonnes in 2015; however, just 18,000 tonnes of honey were sold to third countries. These numbers show that most of the honey export is intra-EU trade rather than extra-EU trade (UN Comtrade, 2017) .
Honey imports to the EU increased to 200,000 tonnes in 2015. Honey suppliers from developing countries represented a 60% share of total honey imports (China had a 29% share). Other main honey exporter countries to the EU are Mexico, Argentina and Brazil. Until 2010 Argentina was the second largest supplier of honey to the EU, but in 2010 GMO pollen was found in Argentinean honey, leading to a decline in Argentinean exports directed to the EU. Germany, the UK and France are the biggest importing member states, absorbing about 50% of total imports. Intra-EU trade has increased between new and old member states (European Commission, 2017a) .In the framework of the free trade agreement between the EU and the Ukraine, which came in to effect in 2016, a duty-free export quota of 5,200 tonnes of honey was assigned to the Ukraine, which is set to increase by another 800 tonnes by 2020. The customs-free export quota for Ukrainian honey is easily used up at the beginning of the year, at which point a 17% customs duty is imposed.
The price of Ukrainian honey on the EU market is by 30-40% cheaper than EU-produced honey (UN Comtrade, 2017) .
The aim of this study is to analyse the international honey trade network and determine the characteristic features of proliferation of the contaminated products within it. This paper is structured as follows: the first part outlines the development of the international trade, and the current food safety and authenticity problems of honey. The research methodology part determines the hypothesis of the work and describes the theoretical principles, as well as practical foundations of the current research based on the application of network analysis of international honey trade flows. The results section highlights the fact that the international honey trade can be considered a coherent, complex system. This is why the contaminated honey can spread very fast in the system, appearing on new, geographically distant markets. The most vulnerable parts of the network have been identified and the most important characteristic features of network indicators determined.
Review of the scientific literature
It is well documented that there are considerable food safety risks involved in honey consumption. These are microbiological (Mayara et al., 2017) as well as food chemical risks caused, for example, by residuals of plant protection chemicals (Chauzat et al., 2006) , high heavy metal concentrations (Sánchez-Hernández et al., 2016) , or radioactivity (Altekin et al., 2015) .
One of the most important drivers of the international honey trade is the stagnating honey production in developed regions of the world. This phenomena can be explained by a longrange, persistent decline in honey bee colony numbers in Europe, as well as in the USA (Potts et al., 2010) , due to the decreasing profitability of beekeeping (Aizen and Harder, 2009 ) and the collapse of the state subsidy system in the former Soviet states (Ellis and Munn, 2005) .
Honey adulteration is as old as the honey trade itself (Johnston, 1942) . The most important means of adulteration were concentrated must or date syrup. The adulteration of honey runs like a red line through the history of honey production, and as a Hungarian specialist declared at the end of 19 th century, "There is no other product which lends itself more to adulteration than honey" (Abróczy, 1896). This adulteration can take different forms and customary practices (Isopescu et al., 2017) .
It is well-documented that there is a close, mutual relationship between the import-policies of the key market players. In 2008, US federal authorities started to investigate the laundering of Chinese honey carried out in order to evade antidumping duties. This investigation, called 'Honeygate', uncovered the largest food industry fraud in the USA (Phipps et al., 2015) .The practice of re-labelling the product with the intent to hide the country of origin is a considerable problem in the case of honey imported into the US, and is referred to as "honey laundering" (Zach et al., 2012) .
The complexity of the international honey trade necessitates the application of network science, which is why the conceptual framework for our analysis is network theory. We have considered the international trade in honey as a network. The nodes (hubs, vertices) of the network are the different states and other statistically registered theoretical units (sovereigns), while the trade flows of honey form the edges of the network. This approach is widely applied in studies of international trade (Chaney, 2014) . There is an increasing importance of network-based approaches to food system analysis in general (Hueston, 2012; McDowell, 2017) , and food safety-based analysis of supply systems in particular (Pinior et al., 2015) . Ercsey-Ravasz et al. (2012) have proved by a graph theory-based food flux model analysis that the international agro-food trade network is a suitable vehicle for the rapid distribution of contaminated products, but it is extremely hard to trace the origin of products. Nepusz et al. (2009) have developed a relatively easy to handle analytical tool based on the EU's Rapid Alert System for Food and Feed (RASFF).Based on RASFF they have identified Iran, China and Turkey as the most important transgressors with the largest number of alerts. Analysing the results of RASFF, Petróczi et al. (2010) highlighted that there are considerable differences between the alerting frequencies of the EU member states. In the opinion of Rortais et al. (2010) the network analysis of Medical Information System data on food borne diseases can be a valuable source of information, too. Beside the "official" sources of information the network analysis of community websites can supply a valuable input for the operation of early warning systems (De Quincey et al., 2009) . Application of the big data approach further enhances these possibilities (Marvin et al. 2017) . That is why in our study we propose a practice-based analysis of the international honey trade network and a relatively easy to handle tool for decision support systems involving the planning of food safety inspection systems.
Research methodology
In the framework of this research we intend to test the following proposals:
Hypothesis No. 1: The international network of honey can be characterised by a small number of central actors (countries) and a high number of peripheral nations. H1a: This means that the central actors are linked in a densely-connected core, while the majority of participant countries are relatively atomised around the periphery of the network. H1b: At the same time, there are some counties, which are local centres. It implies that these countries are extremely important in honey trade flow formation between different countries. The well-known "six degrees of separation" has long been the object of smalltalk and academic conversation (Heasely and Kleinberg, 2010) , but accurate sociological research results highlight the abundance of relatively short paths between different individuals (Travers and Milgram, 1969) . In other words, the network is a system of subnetworks with a scale free structure. The mean geodesic distance between nodes increases relatively slowly if we increase the number of nodes in the network (Porter, 2012) . In Barabási's and Bonabeau's (2003) view, a scale free network can be characterised by a relatively low number of nodes, which have a high number of connections to other nodes. In a scale-free network the distribution of node linkages follows a power law distribution.
Hypothesis No. 2: The interconnectedness of the international honey trade network allows the possibility of a high speed proliferation of contaminated components. If we know the structure of the honey trade network, the hubs and the flow-intensities, we will be able to forecast the proliferation patterns of polluted (contaminated) honey.
We have applied the data from the period between 2008 and 2014 because the application of a longer period could hide some structural breaks in the time series. The data for the investigations were obtained from the FAO statistical information system (FAO, 2017) .
This study consists of three phases: in the first phase a conceptual model has been determined based on network analysis. In the second phase we have analysed the global honey trade; following this, we have applied a relatively simple network, which -as a consequence of the high level of concentration of the international honey trade -consists of 35 exporter and 48 importer countries. We have excluded importers which fall under the "unspecified area" heading and any actors which have reported just one export connection. In this way our matrix consists of 30 exporter and 47 importer countries. The network of the honey trade has been visualised and analysed by Cytoscape software (Shannon et al., 2003; Saito et al., 2012) .This software is a widely used, free and complex tool of network visualisation and analysis (Chisanga et al., 2017) . The countries are abbreviated by twoletter country codes from the International Organisation for Standardisation (ISO, 2017) .The system simulation model for determining the proliferation patterns of contaminated products has been based on the following considerations:
 We have used quantitative data on exports, as opposed to data expressed in value (monetary) terms.
 A discrete-step approach has been applied in simulations, because this method is widely applied in supply chain system analysis (Borschev, 2013 ). In our model one time step is equal to one trade (export-import) transaction between two nodes. To put it in another way: one time step is enough to sell the contaminated product on the domestic market or export it to other states.
 The share of products consumed in the domestic market is assumed not to re-enter the international trade flow by any means. We further assumed that the share of domestic consumption of imported products is equal to the honey production/domestic consumption ratio. We have approximated the distribution of flows by a normal distribution even if in 32% of cases (country-country pairs) the approximation by another distribution (in 18% log-normal, 12% uniform) has given a better fit because, based on the classic central limit theorem, with an increasing number of observations a normal distribution would be generated (of course this cannot be realised in practice as a consequence of the considerable changes in the socio-economic environment) (Brown, 1971) . Originally, this postulate was applied to independent variables, but as the latest results have proved, similar results are obtained for variables with autocorrelative processes (Cohen and Lindner, 2013 ).
The conceptual model of the proliferation of contaminated products is summarised in figure no. 2.
Mathematically, based on two pieces of information -on the expected value of the honey trade flow between each country pair and its standard deviation -we have generated a matrix of honey flows (H). Each εi.j element of this matrix represents a realisation of a stochastic process at tthtime period. We have multiplied this matrix with a vector (p), the n-1 element of this vector being0, one element being the quantity of polluted honey product. For simplicity, the quantity of this contaminated honey has been determined as 1000 units. Multiplying Hby p we can determine the distribution of contaminated products arriving from an arbitrary country. The process of this calculation is presented in figure no. 1. The proliferation of contaminated products in the network has been visualised by combining a heatmap technique (Deng et al., 2014) with dendogram clustering (Galili, 2015) . 
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Results
The global trade network of honey consists of 212 nodes, which means that practically all states and sovereign entities participate in the trade (figure no.2). This fact highlights the global character of honey consumption. The characteristic path length (Wang and Chen, 2003) is no more than 2.13, which shows the high level of connectedness in the network. The outdegree distribution follows a power low (figure no.3): the outdegree can be approximated by a y=11.427x -0.538 equation (r 2 =0.671). This fact supports the scale-free distribution hypothesis for the global system of the honey trade (figure no. 3).
The distribution of average path length
The outdegree distribution and its approximation by power law function
Figure no. 3: Some characteristic features of the world honey trade network
The circles are proportional with the outdegree, the line-thickness with the logarithm trade flow, and the circle colour with the betweenness centrality of the states The majority of trade flows can be characterised by a relatively low value. Analysing the distribution of trade flows, this is even more obvious (figure no.4). The total network of the honey trade is unsuitable for analysis, which is why we have selected the most important trade flows based on the data for the period 2008-2014, representing 80% of the global honey trade. The circles are proportional with the outdegree, the line-thickness with the logarithm trade flow, and the circle colour with the betweenness centrality of the states.
To determine the main pipeline of the world honey trade network, edge betweenness is the most suitable indicator, because this gives information on the number of the shortest paths that go across an edge in a network (Yoon et al., 2006) . In our case the path is the GermanDanish and the German-Spanish trade. In the case of these flows the edge betweennesses are 38 and 43, respectively. This means that these trade flows are extremely important. From the point of view of vulnerability this flow is the most critical. As a summary it can be stated that even the simplest methods of network analysis are suitable ways to determine the most vulnerable parts of the international trade network, which can be characterised by a small-world phenomenon, supporting Hypothesis No.1. 
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Source: Authors' own construction, based on FAO (2017) statistical information system
Analysing the results of simulations to determine contaminated products in the network in different stages (figure no. 5), it is obvious that in the first stage of the arrival of a contaminated product in the network there are considerable differences between the countries concerned. Here, in the figure no. 5 the sources are in the rows and the targets (receivers) in the columns, too. The most vulnerable countries are Germany, the United States and the United Kingdom, because in most cases the contaminated products appear in these countries. The two Mediterranean importers, Italy and France are rather similar to each other. From this it follows that if, for example, a notification on contaminated honey from Italy arrives in the RASFF system, it is almost certain that this contaminated product will appear on the shelves of French supermarkets, too. An alert from Germany does not convey much information on the possible source of contamination because Germany's honey imports are quite diversified. At the same time, an alert from Greece could be an indication of the influx of contaminated honey from Thailand or Bulgaria. The figure no. 5 highlights the central role of mainland China in the global honey supply network; obviously, a contaminated product-shipment can cause considerable proliferation of polluted products in numerous countries. It is clear that Germany is the big turntable (in household technology: the "Lazy Susan") of the European honey trade network: from Germany the contaminated product arrives in the United Kingdom, Italy, France, the Netherlands, Spain, Belgium, Austria, Switzerland and Denmark. From Belgium the potentially contaminated product arrives in Spain or Saudi Arabia.
In the second stage of proliferation the situations in Austria, Denmark, Spain, Italy, Portugal, the UK and France show a high degree of similarity. From this it follows that if contaminated honey appears in any of these countries it is worth intensifying the food safety control of products. Germany, as a country with diversified import sources, differs
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considerably from other member states of the EU. It is worth highlighting the similarity between Austria and Denmark, as well as that between France and Switzerland.
In the third stage we experience a considerable proportion of contaminated products in the exports of EU-member states, as well as the USA and Japan. Interestingly, a high concentration of contaminated products appeared in Portugal, and -rather unexpectedlyin Ukraine. This means that Ukraine plays the role of bridge-state. It is worth highlighting that while there appears to be a rather limited quantity of honey exported directly from Ukraine, in second and third stage of the re-export of contaminated honey Ukraine is an important source-country, which is able to export a high level of contaminated products in the second stage to Germany, Saudi Arabia, Ireland and India, as well as to the USA, France, Switzerland, Belgium and the United Kingdom. It is very interesting that the third stage of the international trade in contaminated products is concentrated in a relatively small number of countries. In this stage of the import of contaminated honey to Germany the two South American countries, Chile and Argentina, play an important role.
From the facts presented in this section it is very important to highlight, that: (1) the consequences of the appearance of contaminated honey products can have a long-lasting effect on the international honey trade, because the importing countries are in numerous cases also important players in the export of honey, which is why the contaminated products will appear in their imports. The greater the role of a country in the international honey trade, the higher the possibility that a receiver country will become a contaminated product sender country. (2) Based on an analysis of the export-import network structure, it is possible to identify the potential sources of proliferation. As a consequence of the complexity of the network, some -relatively marginal -market players can become important sources of contaminated products (e.g. Ukraine). 
Source: Authors' own calculation, based on a conceptual model created by the authors (a more detailed explanation is given in the article)
In the last phase of our analysis we have tested the stochastic relationships between the network position of countries described by different indicators of centrality and their behaviours in the trade in contaminated honey products. We have applied different centrality indicators because there is a relatively low correlation between different metrics of node centralities. This fact highlights that the different indicators furnish substantially different information on the position of network nodes.
Having investigated the transfer capacity of polluted products to other states (e.g. after the first stage) we can, in most cases, determine a significant multivariable linear regression equation between different measures of the centrality of "sending" countries and the quantity of polluted products transferred (Table no. 1) . We have applied a stepwise regression method to filter the heteroscedasticity between independent variables (Antonakis and Dietz, 2011) . In most cases the outdegree and closeness centrality have been significant parts of the equations but the control centrality measure has been performing well, too. This fact provides firm support for intuitive estimations and naive expectations; the nodes (states) in a more central position are capable of forecasting the quantity of contaminated products. If we apply a similar method to determine the exposure of different states (e.g. the total quantity of contaminated products after the sixth stage) it is possible to estimate the exposure of contaminated products based on the network position (Table no. 2). In this case the control centrality measure performs extremely well. This is in line with the results of Liu et al. (2012), who emphasise the deep relationship between the hierarchical structure of the network and control centrality. 
Conclusion and discussion
Honey is a global product, the international trade of which is boosted by the stagnation or decline in honey production in developed states, and increasing production in developing countries. The international market for honey is a rapidly evolving, dynamic system. This system can be analysed in an efficient way by network analysis.
Our results have supported H1, because the international trade in honey can be characterised by a few hubs, around which there are numerous, relatively peripheral states. That is why the trade can be considered a scale-free network.
The hubs (nodes) of the network are the different countries and the edges of the networks are the trade flows of honey. This network can be described as a scale-free network because there are considerable differences between the relative importance of the hubs. The majority of hubs are rather peripheral, but some countries play a central role in product flows. The identification of local centres and the most important trade flows is critical to determine the most vulnerable parts of the network (Ślusarczyk, 2017) . In this complex network a centrality position can be attributed to a node if the node is a very important exporter of products (e.g. China) or is an international turntable of products, like Germany. The most important (and hence the most vulnerable) product flows are the German-Danish and German-Spanish trade flows. This can be explained by the high centrality of these European countries. From this it follows that in the case of the emergence of contaminated products in this channel a Europe-wide honey-related food safety problem can be expected.
Based on a historic time-series of inter-state product flows, the dynamics of the network can be modelled. This is essential for forecasting the proliferation of contaminated products from one country to another. The results of a discrete-event simulation of product-flows support the H2 hypothesis, highlighting the fact that in a globalised world geographical proximity cannot be applied for forecasting the emergence of contaminated products (Kovács and Kot, 2016) . The most vulnerable parts of the network are the big importer countries (e.g. Germany) but the hubs of proliferation may be countries characterised by high export-import ratios (e.g. the Netherland). The simulation-based analysis of contaminated honey flows offers a relatively cheap and easy-to-use method of forecasting the emergence of contaminated products in a trade network. Unlike traditional emergency management systems this approach offers a possibility for targeted food safety intervention in countries which are presumed to be exposed to contaminated products.
In further research it would be highly desirable to combine the results of modelling with the actual data obtained from the RASF system, but in the unanimous opinion of experts and public servants working with this system the current mechanism cannot be used for this purpose because there are considerable differences between the "rigidity" of national food safety systems, depending on the quantity of resources allocated to each food safety inspection system. Last, but not least, it should be underlined that the considerable distortions in the free trade of goods caused by specific tariffs and different value-added taxes are the hotbeds of product alternation and falsification. If these tariff-and non-tariff barriers could be eliminated, there is a high chance of a considerable decrease in illegal food trade and product alternation. However, the analysis of these problems goes well beyond the scope of the current study In summary it can be stated that based on different network centrality indicators, the exposure of countries to contaminated honey products can be estimated with relatively high precision. This fact should encourage an even wider application of network analysis methods for the upgrading and further sophistication of international food safety systems. Our investigations highlight the fact that there is a close connection between different states (nodes), which is why (1) it is relatively easy to determine the most vulnerable parts (flows) of the honey trade; (2) there are some easily-identifiable centres (local hubs) of the honey trade; and (3) the understanding of the mechanism of network-flows help to forecast the proliferation patterns of contaminated products. In this way network analysis is an important tool for planning prevention systems. In our globalised world, these focussed systems are much more efficient than the traditional "quarantine-like" trade restriction solutions.
